Over the recent decades, most research efforts have been focused on designing highly efficient photovoltaic (PV) cells at low manufacturing costs. In this race, 2nd/3rd generation PV cells 1, 2 including amorphous thin film silicon cells, dye/quantum dot-sensitized cells, organic/inorganic perovskite cells, and processed ferroelectric (FE)/multiferroic oxides cells have drawn most attention worldwide. Latter categories of FE oxides have been exploited as attractive choices for energy-harvesting devices, as they are in abundant, cheap, and nontoxic. 1, 2 They are radiation-hard and chemically stable as well, rendering their devices suitable for operation in extreme conditions. 3, 4 Also, FE oxides exhibit a wide range of fascinating electrical, ferroelectric, and optical properties with strong coupling and seem promising for constructing multifunctional devices. 3, 4 Besides such ideas, the FE-PV effect has remained an academic curiosity than being realized for any commercial device application, just because of high band gap often in ultraviolet (UV) range and low energy conversion efficiency (g ( 1%), dominated by insignificant $nA/cm 2 photocurrent densities. 5, 6 Nonetheless, versatile room temperature multiferroic BiFeO 3 (BFO) has been researched world-wide for next-generation opto-electronic devices including micro-light detectors/sensors, terahertz emitters, thin-film transistors, photocatalytic decomposer, and specific switchable PV cells with bonus degree of magnetic and electric control. [3] [4] [5] [6] [7] Further, literature highlights the successful concept of doping/substitution with selected elements for controlled band gap and tuned electrical properties and hence the enhanced FE-PV characteristics. [8] [9] [10] Under this context, effectual doping of BFO with optimal amount of impurity is very crucial in achieving a fruitful balance between V OC which is determined by the high band gap and I SC , which largely depends on (1) small band gap for the efficient collection of solar spectrum energy and (2) charge carriers separation. 9, 10 With this motivation, we report crystal structure, optical, electrical, FE switching, and FE-PV response of concomitant 5 mol. % silicon substituted BFO polycrystalline thin films deposited on ITO coated glass substrates using bottom up approach. The proposed cost effective highly transparent structure is not only ideal for building integrated 24 Â 7 selfpowered windows on commercial views but also stress on adapted approaches to increase the power conversion efficiency by optimizing band gap of absorbing layer to ensure maximum solar spectrum absorption, optimization of electrode work function choice, and ferroelectric polarization to counter inefficient charge extraction from the light absorbing layer. We prefer graphene as the other electrode in the present structure due to its several excellent properties, i.e., high charge carrier mobility (7 Â 10 4 cm 2 /V s), 11 high electrical conductivity, and high transparency in visible spectral region which make it a strong candidate as a transparent conducting electrode. 12 Its high flexibility, good stability, and ability to receive electrons further add up to the qualities for such an objective. 13 Although single and double layer graphene have higher light transparency than that of a multilayer graphene, the crucial feature of smaller sheet resistance found in the latter makes it ideal to act as a transparent electrode.
14 So, we used few-layer graphene as top electrode for the present study. Not to forget, high ferroelectric polarization induced field is essential for efficient charge separation in FE-PV devices, otherwise, a considerate amount of energy is lost in heat generated by non-radiative recombination of photo generated charge carriers and charge transfer excitons. 14 improved ferroelectric switching characteristics. More importantly, we achieved $80% optical transmittance in the visible region and demonstrated noteworthy PV output from non-poled graphene/BFSiO/ITO/glass hetero-structure with illumination on both the electrodes revealing the suitability of this simple and cost effective architecture for selfpowered windows. For practical device realization, we also monitored reproducibility of device fabrication and stability of PV response with illumination on either electrode over the period of 16 weeks.
BFSiO thin films were deposited on transparent ITO glass substrates by spin coating, a technique which is easy to handle, needs minimum capital, highly reproducible with high purity precursors, requires minimum technical support, and more importantly an effective way to introduce substitution in parent system. High purity (>99.9%) starting materials Bi(NO 3 ) 3 Á5H 2 O, Fe(NO 3 ) 3 Á9H 2 O, and Si(OCOCH 3 ) from Alfa Aesar were added in molar ratio of (1.05:0.95:0.05) to 2-methoxy ethanol and glacial acetic acid solution to make a 0.1M BFSiO precursor sol. 15 The sol was spin coated on ITO substrates at 1500 rpm for first 10 s followed by 3000 rpm for 15 s and then baked at 300 C for 5 min in air and rapidly annealed at 550 C for 15 min in oxygen atmosphere. Spin coating process was repeated several times to obtain thin BFSiO films of about 650 nm thickness which was determined by surface profiler (Ambios Technology:XP-200). The phase purity of the sample was checked by X-ray diffractometer (XRD) (Rigaku Ultima III) equipped with Cu Ka radiation (k ¼ 1.5405) source, operating at 40 kV and 40 mA in BraggBrentano (h-2h) mode with scan speed of 0.02 /min. Raman measurement was performed using Jobin Yvon T64000 spectrometer operating in backscattering configuration and other details are mentioned elsewhere. 16 Ferroelectric nature of the film was examined by Piezoforce Microscope (PFM) (Bruker Nanoscope) operated in contact mode wherein switchable domain mapping was recorded by applying a highfrequency modulating voltage (200-600 kHz, 612 V) to Pt-Ti-coated silicon tip. The optical transmission spectra of the samples were recorded by Perkin Elmer UVÀvisible spectrophotometer in the spectral window of 1.2-6.5 eV. Fewlayer graphene was synthesized on Cu foil by hot filament chemical vapor deposition method. A thin layer ($500 nm) of poly(methyl methacrylate) (PMMA) was deposited over assynthesized graphene/Cu by spin coating and baked at 140 C for 15 min. The PMMA/graphene/Cu foil was then floated in 1M FeCl 3 Á6H 2 O (Sigma Aldrich, 98%) solution for 1 h to etch out Cu. The resulting PMMA/graphene film was further processed to remove any residual Cu and FeCl 3 particles. The PMMA/graphene film was then placed on BFSiO photoactive layer and kept overnight at 45 C to provide better adhesion between graphene and BFSiO. Finally, PMMA was washed out gently with acetone to obtain the PV device. To characterize photovoltaic properties, illumination using a solar simulator operating at visible wavelength region (ABET Model 3000) with a power density of 100 mW/cm 2 (AM 1.5 G) was employed along with Keithley model 2401 electrometer.
PV properties of non-poled graphene/BFSiO/ITO hetero-structure, measured at room temperature, are plotted in Fig. 1 . When the device was placed in configuration A as shown in Fig. 1(a) with graphene as top electrode [effective electrode surface area (0.0315 cm
2 )], significant PV response with three orders of gain in current was obtained and the finite values measured for V OC and I SC were 0.45 V and 0.75 mA, respectively. These figures are much higher than the earlier reported values for polycrystalline and poled BFO based capacitors. 3, 13, 16 Low value of dark current of $0.72 lA recorded at þ1 V bias hints the effective quenching of oxygen vacancy due to aliovalent Si 4þ substitution. 17 To further illustrate the bonus PV response from ITO electrode, highly transparent ($80%) capacitor was placed in reverse configuration B as shown in Fig. 1(b) , in the identical environment and the numerical values of V OC and I SC reached up to 0.35 V and 0.63 mA, respectively ( Fig. 1(c) ). This can be ascribed to high concentration of photo-induced charge carriers owing to aliovalent Si 4þ substitution 17 and low bandgap assisted visible spectral absorption which is followed by effective charge separation under the strong driving force of FE polarization 14 2015) (discussed in later paragraph). Further, transient characteristics of zero bias photovoltage ( Fig. 1(d) ) and photocurrent ( Fig. 1(e) ) with light ON and OFF for duration of 10 s was recorded in both configurations display repeatable and stable instantaneous responses (s on , s off < 100 ms) for consecutive 20 cycles. Partial section is not plotted for the sake of convenience. It is worth mentioning that our finding is superior in a way that significant response is observed for virgin/nonpoled sample, than previous reports for similar but poled graphene/BFO/Pt devices. 13, 16 It is important to note that poling process requires high energy consumption and the sample normally does not retain polarity for longer duration, resulting in low stability of the PV device. Such encouraging results highlight its potential candidature for building integrated self-sustained/powered windows and wall material to harvest incandescent light as well, possible in reverse configuration.
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As we know, no power can be derived from the cell at the maximum value of operating points, i.e., V OC or I SC . Fill factor (FF), is a parameter which in conjunction with V OC and I SC , determines the maximum power from a solar cell. Graphically, FF is nothing but "squareness" of the cell and is represented by the ratio of the areas of highlighted rectangle fits in JV curve as illustrated in the inset of Fig. 1(c) . FF (formulated as FF ¼ I max Â V max /Isc Â Voc) 12, 14 was calculated to be 0.34 and 0.28 in configurations A and B, respectively, and is found to be lower than the ideal value of 0.7. This can be due to the significant voltage drop caused by the series resistance from electrode and junction, shunt resistance due to leakage current, and inevitable charge carrier recombination. Nevertheless, power conversion efficiencies for respective configurations A and B are calculated to be 3.64% and 1.96%, which are higher than the reported figures for similar devices. 13, 16 The higher numerical value obtained for graphene end is attributed to better charge collection characteristics, high charge carrier mobility (7 Â 10 4 cm 2 /V s), 11 and high electrical conductivity of graphene than ITO. Also, graphene exhibits less absorption at the desired visible wavelength region in comparison with ITO. The strong absorption of high energy/short wavelengths (<300 nm, in ultraviolet range) by ITO/glass end as revealed from UV-visible spectroscopy results depicted in Fig. 3(d) may also be responsible for the diminished PV response in configuration B. For commercial purpose, photo-response needs to be stable for long periods, both in dark and under illumination. The photocurrent output stability of virgin device was measured over a period of 16 weeks and it is plotted in Fig. 2 . The measurements show only a minimal decay of $5% for both V OC and I SC . To further investigate the origin of stable PV response, the crystal structure, optical bandgap, and ferroelectric characteristics of BFSiO thin films were probed.
Phase purity of BFSiO thin film deposited on ITO is shown in Figure 3 15 consequences in profound influences on other physical properties. Raman spectroscopy was employed in order to clarify the lattice distortion and the quality of transferred graphene. Complete Raman spectra of graphene/BFSiO/ITO/glass device varying from 30 to 3000 cm À1 in Fig. 3(b) show characteristic peaks of BFSiO in spectral range of 50-600 cm À1 and strong second-order modes in 900-1200 cm À1 window, while the modes corresponding to graphene were identified in the spectral window of 1000-3000 cm
À1
. In specific, the observed D band at 1350 cm
, G band at 1580 cm À1 , and D 0 band shoulder at 1620 cm À1 with sharp 2D band at 2708 cm À1 confirm the successful transfer of graphene over BFSiO thin film. 16 Magnified view of baseline corrected Raman spectra in range (50-660 cm À1 ) in Fig. 3(c) further elucidates all Raman active phonon modes (C R3c ¼ 4A 1 þ 9E) predicted by group theory for rhombohedral (R3c) phase of BFO. 15 However, minor Raman shifts in most intense peak positions including 70 cm À1 (E-1), 134 cm À1 (A 1 -1 19 Hence, Si 4þ substitution not only distorts FeO 6 octahedron but also influences the interaction between Bi-4f and Fe-3d electrons, resulting in optical band gap modulation.
The optical transmittance spectra of bare substrate, BFSiO/ITO, and complete graphene/BFSiO/ITO/glass PV cell are plotted in Fig. 3(d) , and the inset demonstrates clear visibility of Speclab monogram through the complete PV cell. Such a high transmittance ($80%) reveals better quality of the prepared BFSiO film and is a potential candidate material for building integrated windows/walls. The optical band gap (E g ) of BFSiO sample was determined to be 2.304 6 0.005 eV from a modified square law 18 based bandgap calculation using the (ah) 2 vs (h) plot, by extrapolating the linear portion of the absorption to the X-axis where the absorption coefficient becomes zero (Fig. 3(e) ). A considerable red shift in band gap was observed in comparison with that of pure BFO (E g $ 2.531 6 0.005 eV). 18 Inset in Fig. 3(e) illustrates the qualitative model of energy band diagram of graphene/BFSiO/ITO structure. In general, FE-PV effect originates from the separation of light-induced electron-hole pairs under two independent factors, i.e., an internal depolarization electric field (Ep) and built in field (E bi ). 20 At respective interfaces of ITO/BFSiO and graphene/ BFSiO, the charge carriers migrate until the Fermi levels equalize, which forms two back-to-back Schottky barrier layers at both electrodes. As the Schottky barrier layer thickness is less than the deposited BFSiO film thickness (0.65 lm) and the obtained V OC in both configurations are >0.28 V (DU ¼ U graphene À U ITO ¼ 0.28 V) 13, 14, 20 across the whole region of BFSiO film, the influence of localized E bi should be less than Ep.
14 Also, the observed negative zerobias I SC irrespective of electrode choice suggests dominant Ep driven unidirectional movement of photo-induced (e-h) carriers in graphene/BFSiO/ITO capacitors. 14, 20 Hence, net Schottky barrier heights at respective graphene/BFSiO and BFSiO/ITO interfaces are shown to be relatively changed in accordance with the experimental observation that zero-bias photocurrent induced by illumination through graphene was a little higher than that induced by utilizing ITO. 15 It is clear that the performance of the present FE-PV device strongly depends on the FE properties, due to high polarization that facilitates better photo-generated charge separation. The Out-of plane (OP) box-in-box piezo-response phase and amplitude images are shown in Figs. 3(f) and 3(g), wherein the bias of 0 V, þ12 V, and À12 V was applied at 6 lm wide outermost hollow square, 4 lm wide inner hollow square, and 2 lm wide innermost square, respectively. A clear contrast in phase and amplitude after the application of successive 612 V demonstrates the ferroelectric switching of non-poled as-grown BFSiO films and the nature of their remnant and retained ferroelectric properties. Local piezoelectric phase hysteresis loops and amplitude-voltage loops were also recorded at fixed location as a function of 610 dc bias superimposed on ac modulating voltage. The results of these studies are shown in Figs. 3(h) and 3(i). Complete phase reversal of roughly 180 and piezo-actuation amplitude variation of more than 200 mV under the dc bias of 63 V reflects the better ferroelectric properties of Si modified BFO thin films important for practical applications of interest.
In summary, the PV performance of highly transparent graphene/BFSiO/ITO capacitor was systematically investigated. The concomitant and aliovalent 5 mol. % Si substitution in BFO effectively induced favorable lattice distortion (c/a $ 2.285) and red shift in optical band gap (2.304 eV) with considerable improvement in leakage behavior and ferroelectric switching. High magnitudes of I SC ¼ 0.75 mA and V OC ¼ 0.45 V with approximately 1000 fold increase in current under standard AM1.5 (100 mW/cm 2 ) illumination with graphene electrode were obtained, whereas the same illumination with ITO electrode provided an Isc of 0.65 mA and Voc of 0.35 V. Also, unidirectional photocurrent with either electrode illumination suggested dominant role of Ep field in the present PV response. We believe, the improved and stable I SC and V OC demonstrated in the present transparent (>80%) device structure are ideal for building integrated self-powered windows and transparent electronics. The encouraging data presented herein may stimulate future endeavors to explore BiFe 0.95 Si 0.05 O 3 perovskite oxides as active materials for energy-harvesting applications.
